Flavonoids are a wide variety of structurally related polyphenolic compounds and occur naturally in numerous foods of plant origin. Epidemiologic studies have shown that the consumption of flavonoids is associated with many beneficial effects against disease in humans.
pended in Eagle's MEM containing dexamethasone (1 mM), insulin (0.1 mM), triiodothyronine (1 mg/ml), d-aminolevulinic acid hydrochloride (0.2 mM), and 10% fetal calf serum. The cells were seeded in 35-mm plastic culture dishes at a density of 1ϫ10 6 cells/dish and placed in an incubator in an atmosphere of 5% CO 2 95% air at 37°C. The monolayers of hepatocytes (approximately 1.2 mg of cell protein) were cultured for 24 h in Eagle's MEM containing dexamethasone, insulin, triiodothyronine, d-aminolevulinic acid hydrochloride and 10% calf serum. Flavonoids and gallic acid esters were dissolved in dimethyl sulfoxide and added to the cultures at the specified concentrations with a final concentration of dimethyl sulfoxide of 1%. PCA 200 mM in a stock solution was added to the cultures at a final concentration of 0.5 mM 10 min after the addition of inhibitors. After incubation for 2 h at 37°C, 0.2 ml of the medium from each culture was mixed with 0.2 ml of ice-cold perchloric acid 0.5 M.
HPLC Analysis A 0.1-ml aliquot of each perchloric acid-treated sample was neutralized with 25 ml of NaOH solution 1 M and 25 ml of Tris-HCl buffer 0.5 M, pH 7.4, and the total volume was adjusted to 0.5 ml with HPLC elution solvent. Separation of PCA and VA was carried out according to the method of Reenila et al. 17) with some modifications. A 10-ml aliquot of sample was injected onto a 3.5-mm Symmetry C-18 semi-microcolumn (2.1 i.d.ϫ150 mm) adjusted to 30°C and the metabolites were separated with a mixture of methanol (20%) and 0.5% phosphoric acid solution (80%) using a Waters Alliance HPLC System equipped with a 2690 Separation Module and a 2487 dual l UV/VIS absorbance detector (Waters Co., Milford, MA, U.S.A.). The flow rate of the mobile phase was 0.2 ml/min and elution of PCA and VA was detected based on UV absorption at 260 nm. PCA and VA were eluted at 4.5 and 9.8 min, respectively. The quantitation of VA was based upon integration of the absorbance peak areas. The IC 50 value for inhibitors was determined by calculating the inhibitory concentration at which a 50% decrease in the production of VA was obtained by interpolation on a straight line drawn from two to three inhibitor concentrations.
RESULTS
PCA is methylated almost exclusively at the C3 hydroxy position to form VA by COMT in vivo and in vitro. 14, 18, 19) The peak identity of the PCA metabolite as VA was assigned by comparison of the retention time in HPLC with that of the authentic standard. VA formation in liver cytosolic preparations and cultured hepatocytes was saturated at 200 and 500 mM of PCA, respectively. The formation of VA was linear for at least 30 min and 4 h of incubation time in cytosolic preparations and cultured hepatocytes, respectively. The rates of VA formation were 6.41 nmol/min/mg cytosolic protein and 5.58 nmol/h/mg cellular protein. The effects of inhibitors on VA formation in cytosolic preparations and cultured hepatocytes were measured after a 30-min and 2-h incubation period, respectively. Table 1 summarizes the effects of a series of flavonoids and related aromatics (Fig. 1) on PCA o-methylation in liver cytosolic preparations and cultured hepatocytes. The inhibitory activity of effective compounds was expressed as the compound concentration at which 50% inhibition was achieved (IC 50 ). The inhibitory activity of ineffective compounds was expressed as the percent inhibition at a compound concentration of 100 mM, since they showed no further inhibition at higher concentrations. Flavonols and flavones inhibited cytosolic PCA o-methylation with a large variation in potency. The inhibition was in the following decreasing order: morinϾquercetinϾ kaempferolϾgalanginϾluteolinϾdiosmetinϾapigeninϾ chrysin. Flavonols such as quercetin, kaempferol, and galangin were more effective than the corresponding flavones such as luteolin, apigenin, and chrysin, which lack hydroxyl substitution at the C3 position of the C-ring. Diosmetin, the 4Ј-o-methylated form of luteolin, had relatively weak inhibitory potency.
Flavonols and flavones inhibited cellular PCA o-methylation with a different inhibitory efficiency ranking as compared with that for cytosolic PCA o-methylation. IC 50 values for cellular PCA o-methylation as compared with those for cytosolic PCA o-methylation were greater by about 4-5-fold for quercetin, kaempferol and galangin but by 66-fold for morin. On the other hand, IC 50 values of diosmetin for cellular PCA o-methylation was about 4-fold less than that for cytosolic PCA o-methylation.
Catechin gallates inhibited cytosolic PCA o-methylation at markedly low concentrations. The IC 50 values of ECg and EGCg, 0.022 and 0.043 mM, were 83-and 42-fold less than that of morin, which was the most effective among the flavonols and flavones investigated. Ungallated catechins such as EC and EGC had little inhibitory activity on cytosolic PCA o-methylation with IC 50 values 3840-and 437-fold greater than the values of their corresponding catechin gallates, respectively. Several related derivatives of gallic acid, which is esterized at the C3 position in the C-ring of the catechin structure, were also examined for their inhibitory effects on cytosolic PCA o-methylation. Gallic acid esters except gallic acid cetyl were much better inhibitors than pyrogallol and gallic acid. The IC 50 values of gallic acid esters were almost comparable to those of catechin gallates. Gallic acid esters showed a tendency to become more effective with longer esterized alkyl chains.
Cellular PCA o-methylation was inhibited by catechin gallates and gallic acid esters with much lower efficiency than cytosolic PCA o-methylation. The IC 50 values of catechin gallates and gallic acid esters for cellular PCA o-methylation were more than two orders of magnitude greater than those for cytosolic PCA o-methylation. The efficiency ranking orders of catechin gallates and gallic acid esters for cytosolic and cellular PCA o-methylation were similar.
DISCUSSION
Catechol-containing flavonoids such as quercetin, luteolin, and catechins are rapidly o-methyltranslated, which is catalyzed by liver cytosolic COMT. 11, 20) Therefore the activity of flavonoids on COMT has been considered to be due to competitive inhibition. [9] [10] [11] [12] However, an alternative mecha- nism, noncompetitive inhibition, remains controversial for the mechanism of COMT inhibition by flavonoids. 11, 12) Such flavonols as morin, kaempherol, and galandin, in which the catechol arrangement is absent in their structures, retained their inhibitory activity for enzymatic o-methyltranslation of PCA in cytosolic preparations. These results support the noncompetitive mechanism for the inhibition of COMT by flavonoids. The confirmation of the inhibitory mechanism will require detailed biochemical study using a purified enzyme of COMT.
Morin, which was the most effective inhibitor of COMT among the flavonols and flavones tested, did not show an appreciable inhibition of PCA o-methylation in cultured hepatocytes. In contrast, diosmetin, which was much less effective than morin against cytosolic PCA o-methylation, had greater ability to inhibit cellular PCA o-methylation than morin. A catechol group on the B-ring appears to be favorable for flavonols and flavones to exert their potency in inhibiting cellular PCA o-methylation. Flavonoids have been found to have inhibitory effects on phase II conjugative reactions including sulfation, glucuronidation and acetylation in cultured hepatocytes. 5, 6) Certain flavonoids inhibited the glucuronidation of acetaminophen in rat cultured hepatocytes irrespective of little direct inhibitory effect on cytosolic glucuronotransferase in our previous report.
5) The structure-activity relationships of flavonols and flavones for inhibiting cellular PCA o-methylation are similar to the relationships for inhibiting other phase II conjugative reactions in cultured hepatocytes. 5, 6) Thus, the inhibitory effects of flavonols and flavones on PCA o-methyltranslation in cultured hepatocytes may be due to a mechanism distinct from the enzymatic inhibition of COMT. Certain flavonoids have been shown to alter drug efflux by the multidrug resistance protein present in a variety of normal cell types including liver cells. [21] [22] [23] A plausible mechanism by which flavonols and flavones inhibit PCA o-methyltranslation may be the reduction of cellular uptake of PCA due to the stimulation of multidrug transporters.
Catechin gallates have markedly strong potency in inhibiting cytosolic PCA o-methylation compared with other flavonoids. Catechins that do not have gallate ester at the C3-position in the C-ring were two to three orders of magnitude weaker than their gallates. Pyrogallol has long been recognized to be a potent inhibitor of COMT. 7, 8) We have also compared the inhibitory effects of pyrogallol, gallic acid, and gallic acid esters on o-methyltranslation of PCA by liver cytosolic COMT. Gallic acid esters were found for the first time in this study to have strong COMT-inhibiting activity comparable to that of catechin gallates. These results suggest that a flavonoidal structure of catechins may be not essential for exerting inhibitory effects on COMT activity.
The inhibitory efficiency of catechin gallates and gallic acid esters against cellular PCA o-methylation was more than two orders of magnitude lower than that against cytosolic PCA o-methylation. Catechins, the only type of flavonoid devoid of a C2-C3 double bond and a C4 carbonyl group in the C-ring, had little effect on other phase II metabolic conjugative reactions in cultured hepatocytes. 5, 6) 2,6-Dichloro-4-nitrophenol, a typical p-form phenol-sulfotransferase inhibitor, inhibited the sulfoconjugation of acetaminophen in cultured hepatocytes with potency two orders of magnitude lower than the inhibition of cytosolic conjugation in our previous report.
5) The inhibitory effects of catechin gallates and gallic acid esters on cellular PCA o-methylation appears to be due to the direct enzyme inhibition of COMT activity.
The surprisingly potent inhibitory effects of catechin gallates on cytosolic PCA o-methyltranslation is in agreement with the previously reported results obtained with catechol estrogens as a substrate for human COMT.
12) Thus catechin gallates might be able to inhibit o-methyltranslation of various substrates of human COMT. COMT terminates the actions of the catecholamine hormones such as epinephrine and norepinephrine through o-methyltranslation. 7, 18) The b-adrenergic action of catecholamine induces epinephrine-stimulated lipolysis by hormone-sensitive lipase in adipocytes. 24) Tea catechins could reach nearly micromolar concentrations in the plasma despite their poor absorption when taken orally. [25] [26] [27] [28] Our data suggest that the consumption of green tea may potentiates the action of adrenergic hormones by prolonging their bioavailability through the inhibition of COMT by catechin gallates. Dulloo et al. 29, 30) reported that treatment with green tea extracts could increase fat oxidation and thermogenesis via sympathetic activation of lipid metabolism in human subjects. Murase et al. 31) reported that long-term feeding with tea catechins suppressed high-fat diet-induced body weight gain in mice. Accordingly, drinking green tea may serve as antiobesity therapy through COMT inhibition by catechin gallates.
